Elastic scattering of low-energy electrons by benzene by Bettega, M. H. F. et al.
JOURNAL OF CHEMICAL PHYSICS VOLUME 112, NUMBER 20 22 MAY 2000Elastic scattering of low-energy electrons by benzene
M. H. F. Bettega,a) C. Winstead, and V. McKoy
A. A. Noyes Laboratory of Chemical Physics, California Institute of Technology, Pasadena, California 91125
~Received 2 December 1999; accepted 29 February 2000!
We present elastic cross sections obtained from ab initio calculations for low-energy electron
scattering by benzene, C6H6. The calculations employed the Schwinger multichannel method
as implemented for parallel computers within both the static-exchange and static-
exchange-polarization approximations. We compare our results with other theoretical calculations
and with available experimental data. In general, agreement is good. © 2000 American Institute of
Physics. @S0021-9606~00!01120-X#I. INTRODUCTION
Low-energy electron scattering by benzene has been the
subject of recent theoretical and experimental studies.
Sueoka1 and Mozejko et al.2 have measured total cross sec-
tions for a very broad energy range. Gianturco and
Lucchese3 have computed integral, differential, and partial
~by symmetry! elastic cross sections using a parameter-free
exact-static-exchange-plus-correlation-polarization potential.
They have found several shape resonances: one in the E2u
representation, located at 1.82 eV; another in B2g , located at
7.44 eV; a third in E1u , located at 10.07 eV; and a fourth in
A2g , located at 21.17 eV. Experiments have placed the first
two resonances at 1.1 eV and 4.8 eV, respectively.4–9 Gulley
et al.10 have measured absolute total cross sections for elec-
tron scattering by benzene at very low energies, also finding
a shape resonance at 1.1 eV assigned to E2u . More recently,
Gulley and Buckman11,12 have measured differential cross
section at several energies. However, no fully ab initio study
on elastic scattering of electrons by benzene has yet been
done.
Ab initio calculation of low-energy electron-molecule
collision cross sections is computationally challenging. Even
at the lowest level of approximation, the static-exchange
~SE! approximation, in which only direct ~Coulomb! and ex-
change interactions between the incident electron and the
molecule are considered, the computational demands grow
severe for larger molecules. Pseudopotentials have proven
effective in dealing with molecules containing heavier
atoms,13 both within the static-exchange approximation14 and
also in more complex calculations that include simulta-
neously multichannel coupling and polarization effects.15
Massively parallel computers have also been used with suc-
cess to obtain elastic and inelastic cross sections for scatter-
ing of electrons by large molecules.16
In this work, we report results from a completely ab
initio calculation of elastic scattering of low-energy electrons
by benzene. Benzene is an intrinsically interesting target
molecule due to its geometry and symmetry and is of addi-
tional interest in light of recent experimental and theoretical
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Downloaded 14 Aug 2007 to 131.215.225.175. Redistribution subject studies.1–3,10–12 Our calculations employed the Schwinger
multichannel ~SMC! method17,18 as implemented for parallel
computers19 and were carried out both in the static-exchange
and in the static-exchange-plus-polarization ~SEP! approxi-
mations. This study may be considered a first step toward
studies of more complex aromatic molecules such as the
fluoro-, chloro-, and fluorochlorobenzenes20 or the DNA
bases.21
II. COMPUTATIONAL PROCEDURES
The SMC method has been described in detail.17,18 We
do not repeat that description here but rather focus on the
details of the present calculations. Both our SE and SEP
calculations used the fixed-nuclei approximation at the ex-
perimental D6h geometry, r~C–C!51.397 Å and r~C–H!
51.084 Å.22 To describe the occupied and scattering orbitals
we used the 6-31111G(2d ,p) basis set internal to the elec-
tronic structure program GAMESS,23 which includes all six
combinations of Cartesian d-type functions. It has been noted
that the symmetric ‘‘3s’’ combination, namely @(x21y2
1z2)exp(2ar2)#, may, in combination with the diffuse
s-type Gaussians, give rise to linear dependence in the basis
set and thereby to spurious resonances in the cross sections.14
Accordingly, we have modified the exponents of the diffuse
s- and p-type functions, as well as the exponents of the
d-type functions, to minimize linear dependence. The final
exponents chosen are shown in Table I.
In our SE calculations, we used the canonical Hartree–
Fock ~HF! virtual orbitals as scattering orbitals. The number
of virtual orbitals belonging to each irreducible representa-
tion of D6h appears in Table II as the number of SE configu-
rations for that representation. Each component of the two-
fold degenerate E representations is computed separately,
giving a total of 16 independent contributions to the cross
section. Because the components of the E representations are
not equivalent with respect to the numerical quadratures we
used, the mutual agreement of these components allows us to
assess the convergence of the quadratures. In fact, we found
that the degenerate components of the E representations
agreed to within 2% or better at every energy.
To include polarization effects in the SEP calculations,
we followed, with some modification, the procedure used6 © 2000 American Institute of Physics
to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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N2O ~Ref. 24! and CO2.25 In the N2O and CO2 studies, we
used one approach for resonant irreducible representations
and another, more computationally demanding, approach
only in the totally symmetric representation. For C6H6, we
found that it was necessary to apply the more demanding
approach not only in the totally symmetric A1g representa-
tion but also in any other representation where the back-
ground cross section ~i.e., the cross section due to direct,
nonresonant scattering! was substantial at low collision en-
ergies. Thus the procedure followed in the present calcula-
tions was as follows:
In irreducible representations where shape resonances
occur but where the background cross section is small, we
constructed a valencelike ‘‘modified virtual orbital’’ ~MVO!
w˜ by diagonalizing a cationic Fock operator within the space
of virtual orbitals of the neutral.26 To build up the
(N11)-particle configuration space, we considered only
single excitations that preserved the ground state symmetry,
i.e., symmetry- and spin-preserving excitations of the type
@pg→qg#w˜ , where pg is an occupied and qg a virtual orbital,
both belonging to the same representation g. The target and
the temporary-anion wave functions were thus described in a
balanced way, and overcorrelation of the anion was avoided.
For nonresonant symmetries and for resonant symmetries
with a significant background cross section, we built up a
compact set of polarizing orbitals from the occupied and
virtual orbitals and from canonical orbital energies.27 These
polarizing orbitals are defined by
w i ,m5 (jPvirtuals
^w juxmuw i&
E j2Ei
w j , ~1!
where w i is an occupied orbital, xm is a component of the
dipole operator, and the sum runs over the HF virtual orbit-
als. The HF energies E j were shifted downward by a small
constant in recognition of the fact that they are computed in
the presence of an N-electron, rather than (N21)-electron,
core. The Schmidt procedure was used to construct an ortho-
normal set from the polarizing orbitals and the residual scat-
tering orbitals. Polarization was taken into account by allow-
TABLE I. Original ~Ref. 23! and modified diffuse s, diffuse p, and d expo-
nents for carbon used in e2-C6H6 collision calculations.
Type Original Modified
s 0.0438 0.06
p 0.0438 0.06
d 1.252 1.60
d 0.313 0.40Downloaded 14 Aug 2007 to 131.215.225.175. Redistribution subject ing single excitations from occupied valence orbitals into
this set of polarizing orbitals, while employing the entire set
of virtual orbitals as scattering orbitals.
More specifically, for each of the resonant representa-
tions where direct scattering is weak, namely, E2u , B2g , and
A2g , we constructed a valencelike MVO from a 14 cation
Fock operator, 14 being the minimum charge necessary to
obtain a totally symmetric closed-shell cation wave function
given that the highest occupied orbital of the neutral is two-
fold degenerate. We included only single excitations out of
the 15 valence orbitals in constructing the (N11)-particle
configuration space. The number of configurations obtained
with this procedure is shown in Table II. For the two-fold
degenerate representations, E2g and E1u , we polarized only
one component. The other component was obtained by rota-
tion of the scattering amplitude after first expanding it in
partial waves. In performing all partial-wave decomposi-
tions, we expanded the scattering amplitude up to l510. For
the A1g , E2g , E1u , and A2u representations, we included a
substantial number of configurations using a compact set of
polarizing orbitals as described above. For these symmetries,
we worked in the D2h subgroup and then recovered the cor-
responding D6h contributions from the partial-wave decom-
position of the scattering amplitude, according to Table III.28
Table IV presents the relation between the representations of
the D2h and D6h groups. The five remaining irreducible rep-
resentations, namely A1u , B1g , B1u , B2u , and E1g , were
included through the static-exchange approximation.
III. RESULTS
Figure 1 shows our SE and SEP integral elastic cross
sections ~ICS! along with the SEP results of Gianturco and
Lucchese3 and the measured total scattering cross sections of
TABLE III. Partial-wave decomposition of the D6h group.
Symmetry l m ~mod 6!
a1g 0 0
a1u 7 6
a2g 6 6
a2u 1 0
b1g 4 3
b1u 3 3
b2g 4 3
b2u 3 3
e1g 1,5
e1u 1,5
e2g 2,4
e2u 2,4TABLE II. Number of configurations used in e2-C6H6 collision calculations in the static-exchange ~SE! and
static-exchange-polarization ~SEP! approximations.
a1g
a a2g b1g b2g e1g e2g a1u a2ua b1u b2u e1ua e2u Total
SE 17 2 2 7 16 48 2 6 18 6 48 18 195
SEP 2799 279 2 279 16 48 2 2000 18 6 2777 562 8788
aCalculations done in the D2h group. The cross sections in the D6h group were obtained though the partial-wave
decomposition of the scattering amplitude.to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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erally good agreement with those of Gianturco and Luc-
chese, except at lower energies. Part of the difference may
arise because, as discussed above, we obtained the contribu-
tions of certain irreducible representations within the static-
exchange approximation; however, as described below, most
of the disagreement is due to a few representations for which
both calculations included polarization.
Figure 2 shows results for the three resonant representa-
tions associated with unoccupied valence molecular orbitals,
namely, E2u , B2g , and A2g . We also show in Fig. 2 our SE
results and the SEP results of Gianturco and Lucchese. The
spurious oscillations that appear in our cross sections at
higher energies arise from treating as closed excitation chan-
nels that are in fact open at those energies. Such pseudo-
resonances are a common feature of polarization treatments
of this type. As expected, including polarization moves the
resonances from their static-exchange positions to lower en-
ergies: from 3.11 eV to 2.3 eV for the E2u resonance, from
9.4 eV to 8.3 eV for B2g , and from 23 eV to 21.8 eV for
A2g . The resonances positions obtained by Gianturco and
Lucchese are uniformly lower: 1.82 eV, 7.44 eV, and 21.17
eV, respectively. Both of the calculated positions for the B2g
are too high compared to the experimental value, 4.8 eV. The
size of the discrepancy is surprising and has no obvious ori-
gin, though we will discuss a tentative explanation below.
TABLE IV. Relation between the representations of D2h and D6h groups.
D2h D6h
ag a1g1e2g
b1g b1g1e1g
b2g b2g1e1g
b3g a2g1e2g
au a1u1e2u
b1u b1u1e1u
b2u b2u1e1u
b3u a2u1e2u
FIG. 1. Integral elastic electron-scattering cross section for C6H6. Dashed
line, present static-exchange results; solid line, present results including po-
larization; dot-dashed line, results of Ref. 3; crosses, total cross section data
of Ref. 1; stars, total cross section data of Ref. 2.Downloaded 14 Aug 2007 to 131.215.225.175. Redistribution subject In Fig. 3, we show results for the other representations
for which we have included polarization, namely, A1g , A2u ,
E1u , and E2g . Our results mostly show good agreement with
those of Gianturco and Lucchese. However, at very low en-
ergies, the E1u , E2g , and A2u cross sections of Gianturco
and Lucchese show a minimum and then rise to a finite value
at 0 eV. For each of these representations, our cross sections
vanish at 0 eV. Together, three representations account for
much of the disagreement in the summed ICS that was seen
in Fig. 1.
As Table IV shows, the Ag representation of the D2h
subgroup results from mixing of the A1g representation of
D6h with one component of the E2g representation. As de-
scribed above, partial-wave decomposition of the Ag repre-
sentation according to Table III was used to obtain the A1g
and E2g cross sections shown in Fig. 3. As may be seen, the
E2g cross section exhibits considerable oscillation above 12
eV. This structure does not appear to be due to numerical
instability because the A1g cross section is free of oscilla-
tions in this energy range. We thus attribute it to effects of
closed channels that should be open at these energies. To
avoid introducing this structure into the final results, we
chose to obtain our integral and differential cross sections by
including this representation within the SE approximation.
In Fig. 4, we show our SE results for the E1g and B1u
irreducible representations. The cross sections for the B2u ,
FIG. 2. Partial cross section for E2u , B2g , and A2g . Dashed line, present
static-exchange results; solid line, present results including polarization; dot-
dashed line, results of Ref. 3.to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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are small and not shown.
The differential cross sections ~DCS! at the peak of
the resonances in E2u , B2g , A2g , and E1u ~2.23, 8.3, 21.8,
and 10 eV, respectively! are shown in Fig. 5. The SEP
results are shown, except at 21.8 eV, where we present
our SE result. We also show the results of Gianturco and
FIG. 3. Partial cross sections for A1g , E1u , A2u , and E2g . Dashed line,
present static-exchange results; solid line, present results including polariza-
tion; dot-dashed line, results of Ref. 3.
FIG. 4. Partial cross sections for E1g and B1u . Solid line, present static-
exchange results; dot-dashed line, results of Ref. 3.Downloaded 14 Aug 2007 to 131.215.225.175. Redistribution subject Lucchese at 1.82 eV (E2u), 7.44 eV (B2g), 10.07 eV (E1u),
and 21.17 eV (A2g), as well as the very recent measurements
of Gulley and Buckman at 10 eV.12 Our DCS agree very well
with the results of Gianturco and Lucchese at these energies,
except at scattering angles below 20°, where we obtain
smaller cross sections. At larger scattering angles, both cal-
culations show the same structures. At 10 eV, we obtain
good agreement with measurements of Gulley and Buckman
between 20° and 50°;12 for larger scattering angles, the ex-
perimental and theoretical results show similar structures but
differ in detail, especially between 50° and 90°.
In Fig. 6, we show our DCS at 8.5, 15, 20, and 30 eV
along with the experimental data of Gulley and
Buckman.11,12 The DCS at 15, 20, and 30 eV, where polar-
ization is not very important, are SE results. Again, we find
good agreement with results of Gulley and Buckman at small
scattering angles. At 8.5 eV, our DCS exhibits minima near
40°, 100°, and 140°. Corresponding but smaller undulations
are visible in the DCS of Gulley and Buckman, the first
minimum occurring near 70° rather than 40°. At 20 eV, our
DCS shows minima near 50° and 100°. The measured DCS
follows the same general shape. At 15 eV, we find similar
qualitative agreement between our results and those of Gul-
ley and Buckman for larger scattering angles. At 30 eV, the
agreement is less good. At all four energies shown in Fig. 6,
and also at 10 eV, Fig. 5, the experimental DCS is smaller
than the theoretical DCS at intermediate scattering angles
despite being in good quantitative agreement at smaller
angles. Table V presents numerical values of our DCS at
selected energies.
IV. DISCUSSION
Our ICS with and without polarization, as well as the
ICS of Gianturco and Lucchese, exhibit two broad maxima
FIG. 5. Differential cross section at the peaks of the resonances of Fig. 2
and at the peak of the E1u resonance. Solid line, present results; dot-dashed
line, results of Ref. 3; diamonds, experimental data of Ref. 12.to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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section and in the cross section of Gianturco and Lucchese,
the second structure is larger in magnitude than the first,
while in our SEP cross section the maxima are of approxi-
mately equal magnitude. As may be seen in Fig. 3, the dif-
ference arises from the E2g representation. With the inclu-
sion of polarization effects, the cross section increases by
about 3 Å2 ~taking into account the two-fold degeneracy! in
this energy range, making the second maximum in the ICS
more prominent. We could have included the SEP result for
E2g in the summed SEP ICS at the expense of a more noisy
cross section but, as discussed earlier, chose to employ the
smooth SE result. Another minor source of error in our re-
sults could be the E1g representation, which we also treated
within the SE approximation. As shown in Fig. 4, there is a
small difference between our SE results and the SEP results
of Gianturco and Lucchese, which is again magnified by the
two-fold degeneracy.
As discussed in the previous section and shown in Fig. 2,
our calculated energy for the B2g resonance is too high when
compared with the experimental resonance position. Giant-
urco and Lucchese obtain a resonance energy that is some-
what lower but still too high compared to experiment. Since
the calculations include, by design, all effects generally
thought significant in determining the resonance energy, the
large discrepancies between theory and experiment are sur-
prising. A tentative explanation may be based on observa-
tions by Nenner and Schulz,7 Azria and Schulz,8 and more
recently Allan.9 Azria and Schulz8 proposed that this reso-
nance decays not only into the 1A1g ground state of benzene
but also into the three low-lying excited states, 3B1u , 3E1u ,
and 1B2u . In fact, Allan has observed that the B2g shape
resonance plays an important role in the excitation of the
3B1u and 3E1u states. He interpreted this result as experimen-
tal confirmation of configuration interaction between the B2g
FIG. 6. Differential cross sections for C6H6 at 8.5, 15, 20, and 30 eV. Solid
line, present results; diamonds, experimental data of Refs. 11, 12.Downloaded 14 Aug 2007 to 131.215.225.175. Redistribution subject shape resonance and a core-excited B2g resonance. While the
formation of a shape resonance is a single-particle process in
which the scattered electron temporarily occupies an empty
molecular orbital ~in this case of b2g type!, a core-excited
shape resonance arises from a two-particle process involving
excitation of the molecule with simultaneous capture of the
scattered electron. Although both calculations go beyond a
single-particle description—by including virtual excitations
explicitly, in the present work, and via an effective potential
in the work of Gianturco and Lucchese—they are primarily
designed to capture the distortion of the target charge density
in response to the presence of the projectile. In particular, the
(N11)-particle configuration space we used to calculate
SEP results for B2g was not chosen to give a good descrip-
tion of possible core-excited B2g shape resonances built on
the low-lying excited states of benzene. Further study of this
interesting issue is certainly warranted.
The E2u shape resonance occurs below the first elec-
tronic excitation threshold, and Allan therefore argues that
configuration mixing of the above type should not occur.9
Nonetheless, the position of the E2u resonance, though im-
proved by inclusion of polarization effects, remains above
TABLE V. Differential cross sections for C6H6 at selected energies ~cross
section in units of 10216 cm2, scattering angle in degrees!.
Angle 2.23 eV 8.3 eV 8.5 eV 10 eV 15 eV 20 eV 21.8 eV 30 eV
0 22.80 39.63 40.99 48.34 59.40 62.87 65.55 65.23
5 22.21 38.25 39.53 46.28 56.29 59.05 61.27 60.09
10 20.56 34.42 35.50 40.67 47.86 48.85 49.97 46.91
15 18.07 28.98 29.77 32.91 36.43 35.47 35.42 30.89
20 15.11 22.94 23.42 24.69 24.76 22.45 21.69 17.08
25 12.07 17.20 17.41 17.38 15.02 12.30 11.43 7.99
30 9.30 12.32 12.32 11.66 8.23 5.84 5.27 3.36
35 7.06 8.48 8.37 7.61 4.28 2.56 2.34 1.58
40 5.46 5.67 5.52 4.93 2.36 1.34 1.33 1.14
45 4.49 3.75 3.63 3.29 1.59 1.12 1.19 1.15
50 4.02 2.59 2.55 2.43 1.31 1.24 1.30 1.24
55 3.89 2.06 2.11 2.18 1.23 1.37 1.42 1.29
60 3.93 2.02 2.13 2.33 1.25 1.43 1.48 1.28
65 4.00 2.24 2.38 2.64 1.37 1.43 1.47 1.21
70 4.04 2.53 2.64 2.83 1.53 1.41 1.42 1.11
75 4.08 2.70 2.76 2.77 1.66 1.39 1.37 1.03
80 4.17 2.70 2.68 2.49 1.70 1.36 1.31 0.96
85 4.38 2.54 2.46 2.17 1.67 1.30 1.25 0.93
90 4.75 2.33 2.23 2.00 1.61 1.21 1.17 0.94
95 5.27 2.17 2.09 2.07 1.56 1.12 1.08 0.98
100 5.86 2.11 2.07 2.32 1.55 1.06 1.02 1.03
105 6.38 2.13 2.14 2.58 1.55 1.05 1.03 1.07
110 6.70 2.20 2.24 2.67 1.54 1.09 1.10 1.08
115 6.67 2.25 2.29 2.52 1.55 1.16 1.20 1.07
120 6.26 2.25 2.25 2.19 1.62 1.26 1.28 1.09
125 5.48 2.17 2.14 1.83 1.81 1.38 1.36 1.14
130 4.46 2.05 1.99 1.57 2.11 1.53 1.43 1.25
135 3.41 1.92 1.84 1.47 2.46 1.72 1.55 1.40
140 2.54 1.82 1.73 1.51 2.75 1.93 1.71 1.57
145 2.05 1.77 1.70 1.63 2.89 2.17 1.94 1.74
150 2.06 1.81 1.77 1.81 2.88 2.45 2.24 1.89
155 2.58 1.95 1.96 2.05 2.79 2.82 2.65 2.03
160 3.51 2.16 2.24 2.38 2.73 3.34 3.18 2.17
165 4.63 2.44 2.59 2.80 2.79 3.97 3.81 2.32
170 5.68 2.70 2.92 3.25 2.95 4.63 4.45 2.48
175 6.44 2.90 3.17 3.60 3.12 5.12 4.94 2.59
180 6.71 2.97 3.26 3.74 3.19 5.31 5.12 2.64to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tained 2.23 eV for the resonance energy, while Gianturco
and Lucchese reported a value of about 1.82 eV. Again the
size of the discrepancy is surprising given the nature of the
calculations. Because of the low collision energy and the
relatively long lifetime of the resonance, it may be necessary
to go beyond the fixed-nuclei approximation to make de-
tailed comparisons between theory and experiment. It is
worth noting, in particular, that the E2u resonance actually
appears in the total cross section as a series of vibrational
peaks extending from about 1.1 eV to at least 1.5 eV;10 the
commonly cited resonance position of 1.1 eV refers only to
the approximate location of the first ~and strongest! peak.
As shown in Fig. 3, at very low energies the E1u , E2g ,
and A2u cross sections of Gianturco and Lucchese rise to a
finite value at 0 eV, while our cross sections vanish at 0 eV.
Because the l50 partial wave occurs in the A1g representa-
tion, one might ordinarily expect that the cross section van-
ish at zero energy for all other representations.29 However,
benzene has a substantial quadrupole moment,30 and the re-
sulting 1/r3 potential will give rise to a nonzero scattering
cross section at zero energy for l.0.31–33 Indeed, using the
measured quadrupole moment,30 one can estimate the mag-
nitude of the quadrupole-induced scattering within the Born
approximation32 as about 13310216 cm2, a value which ap-
pears roughly consistent with the summed results of Giant-
urco and Lucchese. However, it is not possible to say from
the data presented in their paper whether the results of Gian-
turco and Lucchese are consistent with the quadrupole
mechanism, which also predicts isotropic scattering and an
energy-independent cross section. That the SMC cross sec-
tions do not reflect a quadrupolar contribution is probably
due to the short-range nature of the trial wave function. Ex-
perimentally, Gulley et al.10 observed a rapid increase of the
benzene total scattering cross section at very low energies,
which they attributed to attachment promoted by the ‘‘s-
wave leakage’’ mechanism of Gallup.34 Although the analy-
sis supporting their conclusion does not take the quadrupole
potential into proper account, attachment does nonetheless
appear to be the most probable explanation for the observed
enhancement of the total cross section.
Our differential cross sections show generally good
agreement in shape with the experimental data of Gulley and
Buckman, and in shape and in magnitude with the results of
Gianturco and Lucchese. In the latter case, discrepancies can
be found in the extreme forward direction for higher impact
energies. As formation of the forward scattering peak re-
quires high partial waves, these discrepancies are likely re-
flective of an insufficient representation of high partial waves
in our calculation, due to the limitations of our basis set
and/or the truncation of the expansion at l510 in carrying
out angular momentum decomposition of the scattering am-
plitude. It is not yet clear why the agreement in magnitude
between the theoretical and experimental cross sections is
better at smaller angles.
V. SUMMARY
We have presented results of an entirely ab initio study
of low-energy electron scattering by benzene molecules us-Downloaded 14 Aug 2007 to 131.215.225.175. Redistribution subject ing the Schwinger multichannel method at both the SE and
SEP levels of approximation. In general, our results agree
well with previous theoretical and experimental determina-
tions, though some puzzling areas of disagreement remain.
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